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ABSTRACT                        Apoplast acidification associated with growth is well-documented in roots and 
coleoptiles but not in leaves. In the present study, advantage was taken of high cuticle perme-
ability in the elongation zone of barley leaves to measure apoplast pH and acidification and 
the role which the plasma membrane H+ ATPase (PM-ATPase) plays in this process. An in-vitro 
gel system and pH-microelectrodes were used to monitor pH, and growth was measured with 
a linear variable differential transformer (LVDT). Test reagents which blocked (vanadate) or 
stimulated (fusicoccin) PM-ATPase were applied to the leaf elongation zone. In addition, the 
expression level (qPCR) and activity of PM-ATPase was determined. Apoplast pH was lower in 
growing compared with non-growing tissue. Growth and apoplast acidification were stimulated 
by fusicoccin and reduced by vanadate. Expression of PM-ATPase, as judged from Ct-values, was 
almost identical in the two leaf regions. In contrast, activity of PM-ATPase, expressed per unit 
plasma membrane protein, was about twice as high in growing tissue. It is concluded that PM-
ATPase is required in growing leaf cells to achieve maximum rates of elongation and apoplast 
acidification and that this is due in part to a higher plasma membrane surface density of PM-
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Figure 1. Apoplast pH in the elongation zone (EZ) and emerged leaf 
blade (EmBL) of leaf three of barley. The electrode bath solution which 
was in direct contact with the apoplast of the leaf tissue contained 
0.1 mM KCl. Values are averages and standard deviations (error bars) 
of three measurements, obtained through the analysis of 2-3 plants. 
The difference in apoplast pH between EZ and EmBL was statistically 
significant (p < 0.05; t-test).
Figure 2. Growth rate of leaf three of barley in response to treatments 
which affect PM-ATPase activity. The elongation zone of leaf three was 
exposed to solution which contained no added test reagents (control) 
or 500 µM vanadate (VAN) or 5 µM fusicoccin (FC). Growth rate of leaf 
three was analysed through three different approaches (linear vari-
able differential transformer [LVDT], agarose gel and microelectrode 
pH setup). The growth rate of control leaves was set to 100 % for 
each approach. Values for treatments are expressed as percent of the 
respective control. Averages of between 3-15 replicate plant analyses 
(per approach and treatment) are shown. 
Figure 3. Apoplast acidification in excised barley leaves which were 
placed in agarose gel medium containing the pH indicator bromo-
cresolpurple. Leaf three of barley was removed from plants, freed of 
the surrounding sheaths of older leaves one and two and placed in 
agarose medium containing (A) no added test reagent (control), or 
(B) 5 µM fusicoccin (FC), or (C) 500 µM vanadate (VAN). Photographs 
were taken at the times indicated. Excised leaf segments were 6 cm 
long and contained at their base a 4-cm long elongation zone. Medium 
(and by implication apoplast) acidification next to leaf tissue is visible 
as yellowish colour. Scale bars represent 1 cm.
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Figure 4. Expression and activity of PM-ATPase in the elongation zone (EZ) and emerged blade portion (EmBL) of the developing leaf three of 
barley. (A) Expression of PM-ATPase is shown as Ct values obtained through qPCR analyses. (B) PM-ATPase activity per total plasma membrane 
protein as determined for purified plasma membrane preparations. Results of a typical experiment, involving three technical replicates, are 
shown. Membrane protein was quantified with a modified Bradford method.

